Chemical-looping combustion (CLC) is a novel combustion technology with inherent separation of greenhouse CO 2 . Extensive research has been performed on CLC in the last decade with respect to oxygen carrier development, reaction kinetics, reactor design, system efficiencies, and prototype testing. Transition metal oxides, such as Ni, Fe, Cu, and Mn oxides, were reported as reactive species in the oxygen carrier particles. Ni-based oxygen carriers exhibited the best reactivity and stability during multiredox cycles. The performance of the oxygen carriers can be improved by changing preparation method or by making mixedoxides. The CLC has been demonstrated successfully in continuously operated prototype reactors based on interconnected fluidizedbed system in the size range of 0.3-50 kW. High fuel conversion rates and almost 100% CO 2 capture efficiencies were obtained. The CLC system with two interconnected fluidized-bed reactors was considered the most suitable reactor design. Development of oxygen carriers with excellent reactivity and stability is still one of the challenges for CLC in the near future. Experiences of building and operating the large-scale CLC systems are needed before this technology is used commercially. Chemical-looping reforming (CLR) and chemical-looping hydrogen (CLH) are novel chemical-looping techniques to produce synthesis gas and hydrogen deserving more attention and research.
Introduction
On February 2, 2007, the United Nations scientific panel studying climate change declared that the evidence of a warming trend is "unequivocal," and that human activity has "very likely" been the driving force in that change over the last 50 years [1] . According to the Intergovernmental Panel on Climate Change (IPCC) of the United Nations, the observed increase in globally averaged temperatures since the mid-twentieth century is very likely to have occurred due to the increase in anthropogenic greenhousegas concentrations that leads to the warming of the earth's surface and lower atmosphere. The greenhouse effect is the phenomenon where water vapor, carbon dioxide, methane, and other atmospheric gases absorb outgoing infrared radiation resulting in the raising of the temperature. In its turn, CO 2 is essentially blamed to be the main factor causing the greenhouse effect because it is the most important anthropogenic greenhouse gas [2] . The concentration of CO 2 in the atmosphere has risen to a value of ∼370 ppm today, from the preindustrial value of 280 ppm [3] . Combustion of fossil fuels releases a huge amount of carbon as carbon dioxide into the atmosphere. It was reported that fossil fuels fired power production contributes with one third of the total carbon dioxide release from fuels combustion worldwide [4] . It has been well known that increasing concentration of CO 2 to the atmosphere may affect the climate of the earth. It is generally accepted that a reduction in emissions of greenhouse gases is necessary. At present, there are a number of CO 2 capture processes as follows [5] :
(i) precombustion, in which the hydrocarbon fuels are decarbonized prior to combustion;
(ii) oxyfuel combustion, which uses pure oxygen separated from air;
(iii) postcombustion separation, which separates CO 2 from the flues gases using different methods.
Most of these techniques have large energy penalty and high costs for separation of CO 2 from the rest of the flue gas components, resulting in a significant decrease of the overall combustion efficiency and as a result in a price increase of the energy because of the cost for CO 2 capture. Chemical-looping combustion (CLC) offers a solution for CO 2 separation without energy penalty.
Chemical-Looping Combustion (CLC).
The CLC uses a solid oxygen carrier to transfer the oxygen from the air to the fuel. The advantage with the technique compared to normal combustion is that CO 2 and H 2 O are inherently separated from the other components of the flue gas, namely, N 2 and unreacted O 2 , and thus no extra energy is needed for CO 2 separation. The CLC system is composed of two reactors, an air and a fuel reactor, as shown in Figure 1 .
In CLC, the solid oxygen carrier is circulated between the air and fuel reactors. The fuel is fed into the fuel reactor where it is oxidized by the lattice oxygen of the oxygen carriers according to 
where M y O x is the fully oxidized oxygen carrier and M y O x−1 is the oxygen carrier in the reduced form which could be a metal or a metal oxide with lower oxygen content. The exit stream from the fuel reactor contains only CO 2 and water vapor. The pure CO 2 can be readily recovered by condensing water vapor, eliminating the need of an additional energy for CO 2 separation. The water-free CO 2 can be sequestrated or used for other purpose. Once fuel oxidation completed the reduced metal oxide M y O x−1 is transported to the air reactor where it is reoxidized according the reaction 
The flue gas stream from the air reactor will have a high temperature and contain N 2 and some unreacted O 2 . This stream could be expanded through a gas turbine to produce electricity. After energy recovered, these gases can be released to the atmosphere with minimum negative environmental impact. The reaction between the fuel and oxygen carrier in the fuel reactor may be endothermic as well as exothermic depending on the metal oxide used, while the reaction in the air reactor is always exothermic. The CLC does not bring any enthalpy gains, thus, the total heat evolved in these two reactions is the same as that of normal combustion in air. Its main advantage, however, is in the inherent separation of both CO 2 and H 2 O from the flue gases. In addition, since air and fuel go through two separated reactors and combustion takes place without a flame, NO x formation should be avoided [6] . From the point of view of environmentalfriendly characterizations, CLC has attracted wide attention and extensive investigation in the past a few years. This work will present an overview of the work which has been conducted about the development and investigation on CLC.
Oxygen Carrier Development
When the CLC was firstly proposed by Richter and Knoche [7] , the selection of the oxygen carrier was considered as one of the most important components of the CLC process. The oxygen carrier particles are a cornerstone in the CLC technique. Important properties for oxygen carriers are high reactivity in both reduction by fuel gas and oxidation by oxygen in the air, as well as high resistance to attrition, fragmentation, and agglomeration. Additionally, it is also an advantage if the metal oxide is cheap and environmentally friendly. Briefly, important criteria for a good oxygen carrier are the following:
(i) high reactivity with fuel and air; (ii) low fragmentation and attrition, as well as low tendency for agglomeration; (iii) low production cost and environmentally benign; (iv) be fluidizable and stable under repeated reduction/oxidation cycles at high temperature.
A number of different transition-state metals and their corresponding oxides have been investigated in literature as possible candidates: Cu, Cd, Ni, Mn, Fe, and Co. Figure 2 presents the mass ratio of active oxygen for different systems of metal oxides. Generally, these metal oxides are combined with an inert which acts as a porous support providing a higher surface area for reaction, as a binder for increasing the mechanical strength and attrition resistance, and additionally, as an ion conductor enhancing the ion permeability in the solid particles [8] . However, Al 2 O 3 , SiO 2 , TiO 2 , ZrO 2 , NiAl 2 O 4 , and MgAl 2 O 4 are usually used as the inert binder which was proven to have the ability to increase the reactivity, durability, and fluidizability of the oxygen carrier particles. The inert materials are believed to enhance positive properties among which the most important are to maintain the pore structure inside the particle and inhibit migration of the metals, which could lead to sintering of oxygen carrier particles. In the last decade, a number of researches on oxygen carriers for chemical-looping combustion have been performed. 
NiO-Based Oxygen Carriers.
Ni-based oxygen carriers can be used at high temperatures of 900-1100
• C in a CLC process with full CH 4 conversion although thermodynamic limitations result in a small amount of CO and H 2 in the outlet gas of the fuel reactor [9] . Pure NiO without doping inert binder used as looping material in CLC has been studied and compared with NiO/YSZ (yttria-stabilized zirconia) by using hydrogen or natural gas as the fuel [6] . As a result, the NiO/YSZ particle permitted extremely fast oxidation compared to the pure NiO sample. The addition of YSZ to NiO gives a high solid diffusivity for the oxide ion especially at high temperature and high porosity turns out to be a crucial feature that YSZ played an important role in increasing the oxidation rate. The performance of NiO/YSZ mixture used as oxygen carrier in CLC was investigated by other researchers [10] [11] [12] [13] [14] . It was shown that NiO/YSZ displayed excellent reactivity and regenerability. However, the price of YSZ is higher in comparison to other inerts.
Another inert binder and support material which was used in NiO-based oxygen carriers is Al 2 O 3 . It was shown that the solid particles of NiO/Al 2 O 3 had good reactivity and high mechanical strength [13] . Another advantage of using Al 2 O 3 as inert binder is that it is much cheaper than YSZ powder. Therefore, Al 2 O 3 has attracted wide attention due to its favorable fluidization properties thermal stability, and low cost [15] [16] [17] [18] . It is noted that a part of NiO is converted to form metal aluminum spinel compounds, NiAl 2 O 4 , via solid-state reaction with Al 2 O 3 in the course of the sintering process [19] . The NiAl 2 O 4 is inert or reacts very slowly with fuels or oxygen, therefore, the active metal oxide is added in excess to obtain an NiO/NiAl 2 O 4 of desired mass ratio to compensate for the loss of nickel as nickel aluminate [20] . 4 . It was found that the NiO/MgAl 2 O 4 particle gave a high conversion of the natural gas. No methane was detected out in the exit gas out of the fuel reactor, and the fraction of CO varied between 0.5 and 3%. Zafar et al. [29] determined the reactivity of the oxygen carrier composed of 60 wt% NiO with 40 wt % MgAl 2 O 4 . The reactivity was investigated in a TGA at 800-1000
• C using 5-20% CH 4 as a fuel gas for reduction and 3-15% O 2 as an oxidizing gas for oxidation. The oxygen carrier showed very high reactivity during reduction and oxidation. The reaction rate was a function of the reacting gas concentration and temperature both in reduction and oxidation reactions. However, it was found that the conversion of particles for the reduction reaction was very low at 800-850
• C, which suggested that it may not be feasible to use this oxygen carrier at lower temperature in a CLC system. Johansson [30] . In addition, several other researchers prepared NiO/MgAl 2 O 4 oxygen carriers and investigated their performances for CLC [31] [32] [33] .
A few of researchers have tried to use SiO 2 , TiO 2 , bentonite, or ZrO 2 as support in the Ni-based oxygen carrier particles for CLC [34, 35] . It was found that the oxygen carriers supported on Al 2 O 3 or bentonite produced higher reactivity than those on TiO 2 . Moreover, the reactivity of the metal oxide particles increases with increasing temperature and the amount of NiO. Natural titania contained mineral, rutile, was reported to be used as support and binder in nickel-based oxygen carrier [36] . The results revealed that the reactions are fast, as CO 2 is the only compound detected in the outlet gas of the reduction stage. As the reaction proceeds, however, the thermal decomposition of methane appears as a side reaction which competes for methane consumption with the main reaction of the CLC. Zafar et al. [27] observed that the reactivity of NiO/SiO 2 decreased as a function of the cycle number at 950
• C but was avoided below 850 • C. The same research group reported that NiO/SiO 2 displayed high selectivity toward H 2 during the later stages of reduction in chemical-looping reforming [37] .
Generally speaking, the reactivity of the four most studied supported oxygen carriers is in the descending order of NiO > CuO > Mn 2 O 3 > Fe 2 O 3 [38] although this order depends on how the oxide is supported. Therefore, Ni-based oxygen carriers are believed the most promising oxygen carrier candidate for CLC.
CuO-Based Oxygen
Carriers. Among the possible metal oxides, CuO has the highest oxygen transport capacity [39] . In the CLC system, the reaction between fuel and metal oxide in the fuel reactor may be endothermic as well as exothermic depending on the oxygen carrier used, while the reaction in the air reactor is always exothermic. When CuO is used as oxygen carrier, however, both the reactions in fuel and air reactors are exothermic. Briefly, Cu-based oxygen carriers have several advantages: (1) CuO has a high oxygen transport capacity, allowing system operating with lower solid flow rates circulating between the fuel reactor and air reactor [40] ; (2) the reactions both reduction and oxidation are exothermic avoiding the need of heat supply in the reduction reactor [41] ; (3) CuO reduction is favored thermodynamically to reach complete conversion of gaseous hydrocarbon fuels into CO 2 and H 2 O [39] ; (4) CuO is one of the cheapest materials that can be used for CLC [42] ; (5) Cu-based carriers are highly reactive in both reduction and oxidation cycles, which reduces the solids inventory in the system.
de Diego et al. [43] reported that the reaction rate of pure CuO decreased quickly with the increasing number of cycles and after three cycles of reaction the reactivity of the pure CuO was extremely low, reaching conversion of only 10% in more than 20 minutes. Therefore, to obtain better Cu-based oxygen carrier, an inert binder needs to be added into the CuO. They examined the effects of the carrier composition and preparation method on the property of Cu-based oxygen carriers. It was concluded that, to obtain Cu-based oxygen carriers with high reduction and oxidation reaction rates while maintaining their mechanical properties for a high number of successive reduction-oxidation cycles, the only effective preparation method was impregnation on a support. The presence of a binder plays the role as an oxygen-permeable material and as a material to enhance the mechanical strength of the particle for cyclic use and against abrasion. Mattisson et al. [44] prepared CuO/Al 2 O 3 oxygen carriers by means of dry impregnation and investigated its reactivity. It was observed that the reduction rate is fast at all temperature in the range 750-950
• C for CuO/Al 2 O 3 . Minor amounts of CuO were decomposed to Cu 2 O during the inert period following the oxidation period at 950
• C. de Diego et al. [45] found that CuO/Al 2 O 3 oxygen carriers with a CuO content lower than 10 wt% never agglomerated in the fluidized bed and that the one with a CuO content greater than 20 wt% always agglomerated. In addition, the reactivity of the CuO/Al 2 O 3 oxygen carriers, during the reduction and oxidation reactions, was high and not affected by the number of cycles carried out in the fluidized bed. Complete CH 4 conversion to CO 2 and H 2 O during most of the reduction period was obtained. Chuang et al. [46] developed Cu-based oxygen carrier and studied the performance for burning solid fuels using CLC. It was found that carriers made by mechanical mixing and wet-impregnation were rejected, because they agglomerated and exhibited low reactivity. Co-precipitated carriers, however, did not agglomerate and showed a high reactivity after 18 cycles of operation. The effect of the operating conditions, such as oxygen carrier-tofuel ratio, fuel gas velocity, oxygen carrier particle size, and fuel reactor temperature, on fuel conversion was analyzed working with a CuO/Al 2 O 3 oxygen carrier prepared by dry impregnation in a 10 kW th pilot fluidized-bed reactor [47] . It was found that the most important parameter affecting the CH 4 conversion was the oxygen carrier-to-fuel ratio. Complete methane conversion, without CO or H 2 emissions, was obtained with this oxygen carrier working at 800
• C and oxygen carrier-to-fuel ratios of >1. 4 .
SiO 2 was studied as well as an oxygen carrier support material for copper-based oxygen carriers. Corbella et al. [48] studied the performance of a copper oxide silica-supported oxygen carrier in a 20-cycle test of chemical-looping of methane in a fixed-bed reactor at 800
• C and atmospheric pressure. It was revealed that the reduction reaction rate is fast and highly selective to CO 2 formation, and CO emissions are very low, only yielded at the end of the reduction stage. In the 20-cycle test neither performance decay nor mechanical degradation of the oxygen carrier has been observed. Son et al. [49] found that the oxygen particles supported on SiO 2 exhibit worse reactivity than those on Al 2 O 3 . In addition, ZrO 2 , TiO 2 , and bentonite were also studied as the inert support for copper-based oxygen carrier [50] [51] [52] .
Fe 2 O 3 -Based Oxygen
Carriers. High reactivities in both reduction by fuel and oxidation by oxygen in the air, as well as high resistance to attrition, fragmentation, and agglomeration are the important properties for oxygen carriers.
In addition, it is also an advantage if the oxygen carrier is inexpensive and environmentally friendly. Advantages with iron-based oxygen carriers are the environmental compatibility of its oxides magnetite (Fe 3 O 4 ), hematite (Fe 2 O 3 ), and wustite (FeO) and the lower price of iron oxides than other oxides such as nickel oxide (NiO) and copper oxide (CuO) [53] . In view of the availability, low price, as well as environmental safe of iron oxides, has attracted wide attention as oxygen carriers for using in CLC. It was confirmed that the reduction kinetics from hematite to magnetite (Fe 2 O 3 → Fe 3 O 4 ) is the fastest step with the subsequent steps, the steps of magnetite to ferrous oxide (Fe 3 O 4 → FeO) and ferrous oxide to iron (FeO → Fe) being much slower. The subsequent steps were considered to be feasible for the chemical-looping reforming (CLR).
Pure Fe 2 O 3 was studied as oxygen carrier at 720-800 • C and demonstrated excellent chemical stability and no loss of activity with cyclic redox. However, the same particles began to agglomerate at 900
• C though the agglomeration rate was slow [54] . Previous researchers found that the agglomeration and breakage of the particles could be avoided by adding Al 2 O 3 into the particles [55] . Ishida et al. [56] [60] investigated the performance of ironbased oxygen carrier in a continuously operating laboratory CLC unit, consisting of two interconnected fluidized beds using natural gas or syngas as fuel. The combustion of fuel gas was stable during the operation of the reactor. The combustion efficiencies of syngas and natural gas reached 99% and up to 94%, respectively. The reactivity and the crushing strength of the oxygen carrier particles were not affected significantly during operation. Agglomeration and carbon deposition were not observed and no mass loss of the solids inventory was detected. Natural iron ores, such as hematite and ilmenite, have also considered as oxygen carriers for CLC, especially for solid fuels CLC. The work in [64] reported the feasibility of using ilmenite as oxygen carrier in CLC. It was found that ilmenite is an attractive and inexpensive oxygen carrier for CLC. The ilmenite particles showed no decrease in reactivity after 37 cycles of redox in a laboratory fluidizedbed reactor system. Ilmenite gave high conversion of CO and moderate conversion of CH 4 . Berguerand and Lyngfelt [65] investigated the CLC process of petroleum coke in a 10 kW th chemical-looping combustor. The petroleum conversion reached higher figures of 66 to 78%. Low loss of noncombustible fines from the system indicated very low attrition of the ilmenite particles. The CO 2 capture ranged from 60 to 75%. Natural hematite was also studied being used as oxygen carrier in CLC with CH 4 and air at 950
• C [66] . It was found that the majority of CH 4 was converted to CO 2 with some small formation of CO during the reduction period. For the first reduction period the degree of methane conversion was about 62%. Clear breakage on the surface of the reacted particles was observed due to the chemical reactions occurring. They found that almost all investigated particles exhibited high reactivity and limited physical changes during the cyclic reactions. The effect of the number of cyclic redox reactions on the reactivity of the all four samples was not clear. The one stabilized with MgO showed the highest reactivity among the four kinds of oxygen carriers. In a later study, the same research group investigated the feasibility of the use of an Mn-based oxygen carrier supported on zirconia stabilized with magnesium in a 300 W continuously operating reactor system [68] . As a result, Mn 3 O 4 /Mg-ZrO 2 particles sintered at 1150
Mn
• C showed a good reactivity for CLC. Very high efficiencies of >0.999 were obtained for syngas combustion at all temperatures in the range of 800-950
• C. Agglomeration and attrition rate were not obviously observed. The same authors investigated the reduction and oxidation kinetics of Mn 3 O 4 /Mg-ZrO 2 oxygen carrier particles for CLC in a subsequent work [69] . The order of reaction was 1 with respect to CH 4 and 0.65 with respect to O 2 . The activation energy for the reduction and oxidation reactions were 119 and 19 kJ/mol, respectively. The oxygen carrier particles showed high reactivity during both reduction and oxidation at all investigated temperatures of 800-950
• C. The oxygen carrier was reduced to MnO in the course of reduction and oxidized to Mn 3 O 4 during oxidation at all conditions. It is clear that ZrO 2 stabilized by MgO is a good support and inert binder for Mn-based oxygen carriers.
Other Oxygen Carriers.
Beside the aforementioned oxygen carriers, other kinds of materials have been reported being used as oxygen carriers for CLC, such as perovskite, CaSO 4 , as well as mixed-metal oxides. Actually, perovskites are mixed oxides with the general formula ABO (3+δ) , where A is usually a ion of a rare earth metal, an alkali metal, or an alkaline earth metal B is a transition metal ion. Both A and B can be partially substituted, leading to a wide variety of compositions of general formula A 1−x A x B 1−y B y O (3+δ) , characterized by structural and electronic defects owing to their nonstoichiometry [70] . The δ-factor in perovskites can be reduced or increased by changing factors in the conditions such as temperature or O 2 partial pressure. This characterization makes perovskites potentially to be used as oxygen carriers for CLC. Readman et al. [71] particles displayed excellent reactivity and stability. They confirmed that the addition of Co in the double metallic Co-Ni/Al 2 O 3 particles influences the state of the surface minimizing the formation of nickel aluminate, which was believed to be contributing to the inferior reactivity of Ni-based oxygen carriers. Besides, the addition of Co inhibits metal particle agglomeration during the cyclic redox processes. The activation energy for Co-Ni/Al 2 O 3 reduction was found to be less than that of unpromoted Ni/Al 2 O 3 samples. This suggested that doping with Co decreases the metal-support interaction and the binding energies between the metals and the fuel molecules [53] . Johansson et al. [75] investigated the synergy effect by using mixed oxides of iron and nickel in combustion of CH 4 in a CLC reactor. It was shown that the mixed-oxide system of 3% nickel oxides in 97% iron oxides gives almost two times as much CO 2 per time unit in comparison to the sum of CO 2 when the oxides were tested separately. They believed that the presence of metallic Ni could firstly catalyze the methane into CO and H 2 , which then reacts with iron oxide at a considerably higher rate than methane.
Recently, CaSO 4 was considered as oxygen carrier in CLC. Song et al. [76] studied the CLC of methane with CaSO 4 oxygen carrier in a fixed bed reactor. The results showed that the CaSO 4 oxygen carrier has a good reduction reactivity and stability in a long-term redox test at 950
• C. The CH 4 conversion rate was found as a function of temperature, gas flow rate, mass of sample loaded, and particle size of oxygen carrier. High temperatures lead to a high CH 4 conversion into CO 2 , however, a significant International Journal of Chemical Engineering 7 SO 2 formation was observed at higher temperatures. In a later work, the same researchers investigated the cyclic performance of a CaSO 4 -based oxygen carrier in alternating reducing simulated coal gas and oxidizing conditions [77] . It was found that a high concentration of CO 2 could be obtained in the reduction. The coal gas conversions and CO 2 yield initially increased and finally decreased during the reduction in the multicycle tests. Similar to their previous work, the formation of SO 2 and H 2 S during the cyclic tests was found to be responsible for the decay of the reactivity of the CaSO 4 oxygen carrier. Therefore, decomposition at hightemperature condition is a major problem for CaSO 4 when it is used as oxygen carrier for CLC. Decomposition behaviors of CaSO 4 in chemical-looping combustion were studied by Tian et al. [78] . They claimed that the most likely mechanism function in the decomposition of CaSO 4 is characterized by the Avrami-Erofeev equation. The decomposition reaction is dominated by the nucleation rate. The work in [76] represented that the release of SO 2 and H 2 S can be avoided by optimization of the operating conditions. Addition of a minor amount of fresh limestone into the system of CLC can capture the SO 2 , and the products of CaSO 4 and CaS can be used as oxygen carriers later [79] .
CLC Reactor Design
Prior to the year 2001, most of the research work on CLC focused on the development of oxygen carriers and on system studies, with limited information about how the CLC reactors could be designed [80] . In CLC process it is required a good contact between fuels and oxygen carriers as well as a flow of solid material between the two reactors. Although there are several options for CLC system designs, it is likely that interconnected fluidized bed reactors are believed the most suitable reactor design. Lyngfelt et al. [4] proposed a circulating system composed of two interconnected fluidized beds, that is, a high-velocity riser and a low-velocity bubbling fluidized bed, see Figure 3 . The bed material (oxygen carrier particles) was circulated between the two fluidized beds. In the air reactor (the riser), oxygen is transferred from the combustion air to the oxygen carrier. In the fuel reactor (the low-velocity fluidized bed), oxygen is transferred from the oxygen carrier to the fuel. The authors presented the critical design parameters, such as the solids inventory, recirculation rate of the oxygen carriers, the dimensions of the reactors, as well as the pressure drops. The same authors constructed a 10 kW chemical looping combustor and operated for 100 hours using NiO-based oxygen carriers and natural gas as fuel in 2005 [81] . However, 99.5% of the added methane was converted into CO 2 and H 2 O, with minor of CO, H 2 , and unreacted methane in the exit stream. There was no detectable leakage between the two reactors. And CO 2 escape from the system via the air reactor was not found. Therefore, almost 100% of the CO 2 is captured in the process.
Kronberger et al. [82] designed a 10 kW CLC prototype of a dual-fluidized bed reactor system. Gas velocities and designs were varied, while solids circulation rate and gas leakage between the reactor as well as static pressure balance and residence time distribution of gas and particles were measured. It was observed that the solid circulation rates were sufficient and the gas leakage could be controlled at very low level. In one of their previous work, the same authors developed a 300 W fluidized-bed reactor for CLC [83] . The reactor was tested in various gas velocities and slot design. CLC in the same reactor was continuously operated using Mn-based oxygen carrier [68] .
Linderholm et al. [26] examined the CLC process for 160 hours in a 10 kW reactor system with an NiO/NiAl 2 O 4 oxygen carrier and natural gas as fuel. The prototype consisted of two interconnected fluidized-bed reactors, the fuel and the air reactors, a cyclone to separate solid from gas flow out of the air reactor, and two loop seals, see Figure 4 . High fuel conversion to CO 2 and H 2 O was achieved. The outlet gas stream out of the fuel reactor mainly contained CO 2 with approximately 0.7% CO, 0.3% CH 4 , and 1.3% H 2 . The estimated particle life time was 4500 hours. A concentrated stream of CO 2 was obtained when steam was used as fluidization gas in particle locks. Adánez et al. [47] has designed and built a 10 kW pilot plant that is composed of two interconnected bubbling fluidized-bed reactors to demonstrate the CLC technology, see Figure 5 . The system was operated for 200 hours, 120 hours of which involved the burning of methane using CuO/Al 2 O 3 oxygen carrier. Complete methane conversion was achieved and no deactivation of the oxygen carrier was noticed at 800
• C. Similar results were obtained by the same authors [41] .
Son and Kim [34] built an annular shape circulating fluidized-bed (CFB) reactor with double loops for investigation into CLC. They tested the CLC of CH 4 Figure 4: Schematic diagram of the prototype reactor system. (1) air ractor, (2) riser, (3) cyclone, (4) fuel reactor, (5) upper and lower particle locks, (6) water trap, (7) nitrogen (8) natural gas, (9) argon, (10) air, (11) preheater, (12) heating coils (not available for test with nickel-based particles), (13) finned tubes for cooling of gas streams, (14) filters, and (15) connection to chimney. feasibility of CLC for solid fuel. Berguerand and Lyngfelt [84] designed a 10 kW chemical-looping combustor for solid fuels, and tested with South African coal. The CLC system for solid fuels is very similar to the ones for gas fuels, which was reported in literature [22, 26] (see Figure 4) . To adapt the solid fuels important modifications in the fuel reactor chamber and the inclusion of an additional solids recirculation loop were made. Additionally, steam was used as the fluidizing agent instead of the fuel gas flow. The chemical-looping combustor has been operated with South African coal for 22 hours, with approximately 12 hours of stable CLC conditions. Ilmenite was proved to be a suitable oxygen carrier for the tested solid fuel with good mechanical properties, low fragmentation/attrition, and good reactivity. The CO 2 capture varied between 82.5% and 96.0% for the coal tests.
Recently, a couple of CLC pilot plants at fuel power of 10-140 kW were built and tested with different fuels. Kolbitsch et al. [85, 86] built a 120 kW CLC pilot unit with dual circulating fluidized bed (DCFB) reactor system, and successfully put it into operation. Two different oxygen carriers, that is, ilmenite and a designed Ni-based particle, were tested in the CLC unit. The experimental results with ilmenite and H 2 rich gases as fuel showed very promising results. High gas conversion was observed. The Ni-based oxygen carrier achieved thermodynamic maximum H 2 and CO conversion as well as very high CH 4 conversion when the solids inventory is sufficiently high. The same research group compared the performance of two Ni-based oxygen carriers, that is, NiO/NiAl 2 O 4 and NiO/NiMgAl 2 O 4 , for chemical looping combustion of natural gas in the same CLC pilot rig on a scale of 140 kW fuel power [87] . Both oxygen carriers showed high reactivity and no carbon formation was observed under any conditions. Linderholm et al. [88] investigated the reactivity and physical characteristics of Ni-based particles in a 10 kW chemical looping combustor composed of two interconnected fluidized-bed reactors with natural gas as fuel. Long-term of fuel operation (>1000 hours) were achieved. The combustion efficiency was around 98% and the methane fraction was typically 0.4-1% in the flue gas of fuel reactor. The particle lifetime was estimated up to 33 000 hours based on calculation from the loss of fines. Shen et al. [89] carried out the experiments for CLC of biomass with iron oxide as an oxygen carrier in a 10 kW continuous reactor of interconnected fluidized beds. The results showed that an increase in the fuel reactor temperature produced a higher increase for the CO production from biomass gasification than for the consumption of CO oxidation to syngas. Ryu and Jin [90] proposed a conceptual design a 50 kW thermal chemical-looping combustor composed of two interconnected pressurized circulating fluidized beds. They calculated the important parameters such as bed mass, solid circulation flux, and reactor dimension.
Chemical-Looping Reforming (CLR) and Chemical-Looping Hydrogen (CLH)
The chemical-looping technique can also be employed for methane reforming and production of hydrogen with inherent CO 2 capture. Chemical-looping reforming (CLR) uses the same basic principles as CLC, with the main difference that the target products in CLR are H 2 and CO instead of heat. The basic principles of chemical-looping reforming are illustrated in Figure 6 [91].
In the fuel reactor of CLR process, the fuels are partially oxidized using a solid oxygen carrier to produce synthesis gas, a mix of H 2 and CO, instead of being oxidized into CO 2 and H 2 O. Therefore, the ratio of oxygen to fuel is kept low to prevent the fuel from becoming fully oxidized. Pure oxygen production plant which is needed in normal natural gas reforming is avoided. Rydén et al. [91] investigated the CLR of natural gas in a circulating fluidized-bed reactor using Nibased oxygen carriers. It was found that CLR is a feasible concept for production of synthesis gas and hydrogen. The conversion of natural gas into synthesis gas was 96%-100% depending on oxygen carrier and experimental conditions. The same authors [31] evaluated the feasibility of synthesis gas generation by CLR of natural gas in a continuously operating laboratory reactor using a Ni-based oxygen carrier. As a result, complete conversion of natural gas was achieved and the selectivity towards H 2 and CO was high. Carbon deposition was found for some cases, which was eliminated by adding 25 vol% steam to the natural gas. de Diego et al. [92] studied the synthesis gas generation by chemicallooping reforming of methane using a Ni-based oxygen carrier in a 900 W th CLR pilot plant. The effect of operating conditions, such as fuel reactor temperature, H 2 O/CH 4 molar ratio, and solid circulation, on CH 4 conversion and gas product distribution was analyzed. The CH 4 conversion rate reached >98% in all operating conditions. When NiO/CH 4 molar ratio was 1.25, a dry gas product composition of 65 vol% H 2 , 25 vol% CO, 9 vol% CO 2 , and 1-1.5 vol% CH 4 was obtained in the CLR process. Also, de Diego et al. [93] studied the CLR of CH 4 in a thermogravimetric analyzer (TGA) and in a batch fluidized bed reactor using Ni-based oxygen carriers. The support used to prepare the oxygen carriers exhibited an important effect on the reactivity of the oxygen carriers, on the gas product distribution, and on the carbon deposition. The Ni-based oxygen carrier impregnated on α-Al 2 O 3 showed the highest reactivity during the reduction reaction. For all of the tested oxygen carriers, the reduction time without carbon deposition increased with increasing the reduction reaction temperature and the H 2 O/CH 4 molar ratio in the feed. The H 2 /CO molar ratio in the gas product generated during CH 4 reforming was between 2 and 3 in the reduction period. In a later article, the same researchers presented the experimental results of autothermal CLR of methane in a 900 W th circulating fluidized bed reactor under continuous operation using Nibased oxygen carriers [94] . It was observed that the CH 4 conversion was very high (>98%) in all operating conditions with both oxygen carriers of 21 wt% NiO supported on γ-Al 2 O 3 and 18 wt% NiO on α-Al 2 O 3 . The oxygen carrier circulation rate, that is, the NiO/CH 4 molar ratio was the most important factor affecting the gas product distribution. Synthesis gas of H 2 /CO ratio near 2.6/1 with minor amount of CO 2 and unreacted CH 4 was obtained. Significant changes in the reactivity, surface texture, and solid structure of the oxygen carrier particles were not observed after 50 hours of operation. From these previous literatures, it can be seen clearly that reforming of methane or natural gas by chemicallooping technique is feasible.
Recently, chemical-looping process was proposed being used to produce hydrogen. Chemical-looping hydrogen (CLH) generation, which originates from CLC, actually is a type of water splitting process with a redox of a metal oxide. Similarly to CLC, the CLH system is composed of two reactors: a fuel reactor for burning fuels, and a steam reactor for water decomposition, which is different from the air reactor in the CLC. Fuel is introduced into the fuel reactor to reduce the metal oxide particles, meanwhile the fuel is oxidized into CO 2 and H 2 O. The reduced metal oxide is transported to the steam reactor, where it decomposes water to generate H 2 . The outlet gas stream from the fuel reactor contains only CO 2 and H 2 O at complete conversion of the fuel, while the exit gas from the steam reactor is just H 2 with excess H 2 O. Therefore, pure H 2 and CO 2 can be obtained with H 2 O condensation without any further separation process [95] . The work in [95] reported that 3.7 L of H 2 was generated through reaction between per kilogram fully reduced copper-based oxide and steam. Go et al. [96] investigated hydrogen production by chemical-looping of methane in a fluidized-bed reactor using iron-based oxygen carrier. It was found that pure hydrogen with free-CO 2 can be obtained from the reaction of FeO → Fe 3 O 4 in steam reactor at 900
• C. Additionally, the authors proposed the design basis for the continuous two step steam-methanereforming (SMR) with double-loop solids circulation system for fuel and steam. Solid fuels, such as coal char, were reported being used as reducing materials in CLR. Yang et al. [97] investigated H 2 production from steam-iron process with reduction of iron oxide by CLC of coal char. Iron oxide was used to oxidize the coal char into CO 2 reduction of char were feasible for H 2 production through the steamiron process. The total H 2 produced was 1000 mL of H 2 per gram of tested coal char, where the energy efficiency was 50.2% with respect to the energy ratio of H 2 /char.
Similarly, Chiesa et al. [98] proposed a CLH production system with three reactors. The conceptual scheme of the three reactor of CLH is shown in Figure 7 . Compared to commercially available technologies, this CLH process shows similar efficiency but much better environmental benign because of the inherent CO 2 separation. They concluded that the CLH system is a promising hydrogen production process deserving substantial research and development activities in the near future. In the steam-iron process to produce hydrogen, deactivation of the iron oxide is one of the problems during the operation. Bleeker et al. [99] considered that the deactivation of the iron oxide is caused by a decrease in the surface area of the oxygen carrier particles. Further, a higher conversion degree of the oxygen carriers in the redox cycles will give a stronger deactivation.
Chemical-Looping with Oxygen Uncoupling (CLOU)
When CLC process is used to burn solid fuel, there are two approaches operating the combustor to adapt the solid fuels. One option is to introduce the solid fuels directly to the fuel reactor where the gasification of the solid fuels and subsequent reactions with the oxygen carriers will occur simultaneously. Another strategy is to use an oxygen carrier which releases O 2 in the fuel reactor firstly and thereby allowing the fuel to burn with gas-phase oxygen [100] . As for the first method, there is usually a need for an intermediate gasification step of the solid fuels with steam or carbon dioxide to form reactive gaseous compounds which then react with the oxygen carrier particles. Generally, the gasification of solid fuels with H 2 O and CO 2 is inherently slow leading to slow overall reaction rates. The second option is referred to as chemical-looping with oxygen uncoupling (CLOU). In the CLOU combustion, the slow gasification of solid fuels with H 2 O and CO 2 is avoided, since the fuels reacts directly with gas-phase oxygen. The combustion technique of CLOU involves three steps in two reactors, see Figure 8 .
Mattisson et al. [102] presented the chemical-looping with oxygen uncoupling for combustion of petroleum coke. Thermodynamic analysis showed that Mn 2 O 3 /Mn 3 O 4 and CuO/Cu 2 O are the most two promising candidates of oxygen carrier for CLOU combustion of solid fuels. The CLOU combustion of petroleum coke was tested in a batch laboratory fluidized-bed reactor and compared to the results of normal CLC. It was found that the reaction rate of petroleum coke was 50 times higher using CLOU than the reaction rate of the same fuel with a Fe 2 O 3 -based oxygen carrier in normal CLC. In a later work, the same authors [101] studied the CLOU using CuO/ZrO 2 as oxygen carrier and petroleum coke as fuel in a laboratory fluidized bed reactor of quartz. The temperature gave an obvious effect on the reaction rate of petroleum coke. Conversion rates varied between 0.5%/s and 5%/s at a set-point temperature from 895
• C to 985 • C. These reaction rates are significantly higher than the rates with the same fuel in regular CLC. Therefore, the CLOU is a promising alternative for combustion of solid fuels inherently CO 2 capture.
Carbon Formation
Carbon formation may occur during reduction period if carbon-containing fuels are used in CLC. The carbon formation is believed taking place as two mechanisms: pyrolysis of methane and Boudouard reaction (see (3)):
The pyolysis of methane is thermodynamically favored at high temperature as an endothermic reaction. The Boudouard reaction is exothermic more likely to occur at lower temperatures. Chandel et al. [103] suggested that both of the pyrolysis and Boudouard reactions are slow in CLC process without a catalyst. However, transition metals such as Ni and Fe can act as a catalyst for methane decomposition. Especially, metallic nickel is well known a good catalyst for thermal decomposition of hydrocarbons. This side reaction is undesirable in a CLC process since it increases methane consumption in clear competition with the main reaction in the reduction period. The formed carbon will be burned into CO 2 in oxidation stage resulting in lower efficiency of CO 2 capture of the whole CLC process. Carbon formation using nickel-based oxygen carriers can be decreased by using mixed oxides as oxygen carriers or adding steam into the fuel gas [48] . Other conditions such as oxygen availability of oxygen carriers, fuel conversion, temperature, and pressure could affect the carbon formation. Generally, carbon is prone to be formed at low temperature and small amounts of added oxygen. Here, the oxygen added ratio, σ, is defined as the actual amount of O, added with the oxide and/or with steam, over the stoichiometric amount needed for full conversion of the fuel [104] :
Carbon deposition is thermodynamically favorable at a lower oxygen added ratio. Figure 9 shows the carbon formation as a function of temperature and oxygen-added ratio at various pressure independent on the oxygen carrier used when CH 4 is used as fuel in CLC. It is clear that an increased pressure will enhance carbon formation at low temperature, while an increased pressure will reduce carbon formation at high temperature. This is due to the fact that less carbon is formed at higher pressures through methane pyrolysis while more carbon is formed at higher pressures by the Boudouard reaction. The oxygen added ratio, σ, needed to avoid carbon formation when CH 4 is used as fuel [104] .
Addition of water vapor into the fuels before being introduced to the fuel reactor would obviously inhibit the carbon deposition for NiO/NiAl 2 O 4 particle [13] . The decrease in carbon formation with the addition of steam to methane may be explained with steam reforming and the shift reaction as follows: The products H 2 and CO from the aforementioned reactions can be further oxidized by the oxygen carriers to form CO 2 and H 2 O. Therefore, addition of steam to the fuels can significantly reduce the carbon formation in CLC. The addition of water vapor resulted in the formation of CO and H 2 as intermediate products. Sometimes, some of the intermediate gases will not be completely oxidized by the oxygen carriers leading to an increase of their concentration in the outlet gas from fuel reactor.
Cho et al. [20] investigated the carbon formation conditions on oxygen carriers based on nickel oxide and iron oxide. It was observed that the carbon formation of nickel oxide was considerably affected by the availability of oxygen. Carbon formation was not obvious when sufficient oxygen in the nickel-base oxygen carrier was still available regardless with or without steam addition. For CLR, carbon deposition could be more of a problem since the fuel reactor would be operated under more reducing conditions. For the particles of iron oxide, there was no or very little carbon was formed. Jin et al. [14] reported that carbon deposition of NiO/YSZ oxygen carrier can be completely avoided by doping CoO into the NiO/YSZ. This suggests that carbon formation is also affected by the chemical nature of the oxygen carriers in addition to the operating conditions such as temperature, pressure, gas composition, and particle size.
Basically, carbon formation should not be a problem under the conditions used in a CLC system where a high conversion rate of the fuel is achieved. For a temperature of 950
• C, no carbon formation is expected as long as more than one-fourth of the oxygen needed for complete oxidation of CH 4 is supplied [17] . If the CLC process is operated at desired conditions, and a percentage of steam or CO 2 is added into the fuels, carbon formation is considerably inhibited.
Conclusions
CLC is a novel promising technology for fossil fuels conversion with inherent CO 2 separation. Extensive research has been performed on CLC in the last decade with respect to oxygen carrier development, reaction kinetics, reactor design, system efficiencies, and prototype testing. Ni, Fe, Cu, Mn, and Co oxides are potential candidates for reactive species in the oxygen carrier particles. Ni-based oxygen carriers exhibited the best reactivity and stability during multiredox cycles among these oxides. However, carbon formation is easily generated on Ni-based oxygen carriers when carbon-containing fuels are used in CLC. Doping an impurity such as CoO into the NiO, and adding a proportion of steam into the fuels can considerably inhibit the carbon formation in the reduction period. The performance of other oxygen carriers above mentioned can be improved by changing preparation method or by making mixed oxides.
The CLC process has been demonstrated successfully both in bench scale fixed-bed reactors and in continuously operated prototype reactors based on interconnected fluidized-bed system in the size range of 0.3-140 kW using various types of oxygen carriers and different fuels. In these previous investigations, very high fuel conversion rates up to 100% were achieved in most cases. Therefore, CO 2 capture efficiencies were close to 100%. Although there are several approaches to design the CLC reactor system, it is likely that the interconnected fluidized-bed reactors are considered to be the most suitable reactor design.
In recent years, CLR using the same basic principles as CLC has been proposed to generate synthesis gas by partially oxidizing the natural gas or methane with oxygen carriers in fuel reactor. CLH has been presented to produce pure H 2 with CO 2 capture by means of water splitting process with a redox of an oxygen carrier. Both CLR and CLH have been demonstrated to be feasible in laboratory scale fluidizedbed reactors. In order to adapt to the characterizations of solid fuels, CLOU, which originates from normal CLC, was proposed to burn solid fuels such as coal, petroleum coke, and biomass.
Despite CLC has attracted extensive research in recent years, there are still a number of issues that require further investigation. For example, development of oxygen carriers with excellent reactivity and stability is still one of the challenges for CLC. Construction and operation of largescale CLC systems is needed before this technology is used International Journal of Chemical Engineering 13 commercially. As novel techniques of producing synthesis gas and hydrogen using chemical-looping process, CLR and CLH deserve further research in the near future.
